The origin of the concept of neurodevelopmental disorder 
=========================================================

"Developmental disorders" were included for the first time in *DSM-III* , ^[@ref1]^ for the category that comprised autistic disorder. "Neurodevelopmental disorders" (NDDs) were introduced as an overarching disorder category in *DSM‑5* . ^[@ref2]^ This new section replaced a previous chapter that was termed "Disorders usually first diagnosed in infancy, childhood, or adolescence." In *ICD‑11* , the latest revision of the International Classification of Diseases published by the WHO, NDDs gained even more prominence by becoming an integral part of the title of the chapter on psychiatry: "Mental, behavioral or neurodevelopmental disorders." *Figure 1* outlines the main categories comprising neurodevelopmental disorders in *DSM-5* , their historical background, and the hypothesis of the genetic spectrum of neurodevelopmental disorders that will be discussed later in this article. 

In *DSM‑5* , NDDs are defined as a group of conditions with onset in the developmental period, inducing deficits that produce impairments of functioning. NDDs comprise intellectual disability (ID); Communication Disorders; Autism Spectrum Disorder (ASD); Attention-Deficit/Hyperactivity Disorder (ADHD); Neurodevelopmental Motor Disorders, including Tic Disorders; and Specific Learning Disorders. The classification of NDDs in *ICD‑11* does not diverge significantly from that in *DSM‑5* . Importantly, all NDDs in *DSM‑5* may include the specifier "associated with a known medical or genetic condition or environmental factor." This specifier offers the clinician the possibility to document etiological factors, such as fragile X syndrome, and is a harbinger of the fact that this disorder category will probably be transformed in the coming decades by new data emerging from genetics research. 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The validity of NDDs as a construct is supported by the high rates of comorbidity between various disorders within this diagnostic grouping. For instance, various studies showed that 22% to 83% of children with ASD have symptoms that satisfy the *DSM-IV* criteria for ADHD, and vice versa, 30% to 65% of children with ADHD have clinically significant symptoms of ASD. ^[@ref3]^ Also, although not part of the criteria of ASD, accompanying intellectual or language impairments are frequent in ASD and their presence must be specified. NDDs share the characteristic of being diagnosed more often in males than females; *DSM-5* mentions male-to-female ratios of 4:1 for the diagnosis of ASD, 2:1 for the diagnosis of ADHD in children, and 1.6:1 and 1.2:1 for mild and severe ID, respectively. The idea of gathering these various disorders into one single diagnostic group came with *DSM-5* . As late as in the 10 ^th^ edition of Kaplan & Sadock's comprehensive textbook of psychiatry (2017), Attention-Deficit Disorders (ADD), ASD, and ID were distinct disorders whose only commonality was being part of child psychiatry. According to German E. Berrios, ^[@ref4]^ the historian of psychiatry, the concept of developmental disorder in psychiatry appeared for the first time in 1820 in a textbook by Étienne Jean Georget (1795-1828), a student of Philippe Pinel (1745-1826) and Jean-Étienne Esquirol (1772-1840), the pioneers of a modern psychiatric nosology based on mental symptoms instead of humoral concepts. Pinel translated William Cullen's nosology into French in 1785, and published his own classification of mental illnesses in 1801; in his nosography, idiocy was a psychiatric disorder, along with mania, melancholia, and dementia. Correcting Pinel's nosography to further delineate the field of mental illness, Georget ^[@ref5]^ wrote (p 102) that Idiocy is " *a lack of development of intellectual faculties,* " (emphasis added) and he added in a footnote that "a *developmental defect* is not, strictly speaking, a *disease* ," and that "idiots should be classified among *monsters* ." At a distance of two centuries, the word "monster" should not be read anachronistically as an insult, but as a reference to a genetic abnormality in the human body. Within the larger group of idiots, Georget included a subtype of "imbeciles," with higher cognitive abilities. Georget died at the early age of 33, and Berrios suggests that Esquirol later adopted Georget's developmental view, without quoting him. Esquirol ^[@ref6]^ criticized Pinel for having differentiated dementia and idiocy on the sole basis of the degree of impairment of intelligence---Pinel considered idiocy as the most severe degree of dementia---and for admitting the existence of both acquired and innate idiocy. Instead, Esquirol stated that idiocy was not an illness, but a condition in which intellectual faculties could not achieve sufficient *development* . This statement by Esquirol has often been quoted in various textbooks over the following two centuries. Esquirol stated that there were innumerable degrees of severity and, like Georget, he distinguished two main categories: idiocy per se, a severe intellectual impairment, and imbecility, a mild or moderate impairment. In Georget's suggestive words, imbeciles "have memory, can judge simple acts of life ... are clean, know how to appreciate the difference between the sexes," whereas "the idiots urinate and defecate wherever they are and are often very prone to masturbation" (p 104). 

Early descriptions of ADHD, intellectual disabilities, and ASD 
===============================================================

The symptoms of various NDDs were described long before the diagnostic concepts were delineated from each other in the mid-20 ^th^ century. 

ADHD 
-----

The first known description of attention deficit was published in 1775 by the German physician Melchior Adam Weikard, under the name Mangel der Aufmerksamkeit/Attentio volubilis, in a book entitled *Der philosophische Arzt* . ^[@ref7]^ This work was the subject of several editions. Weikard (1742-1803) began his medical career in 1764 in Bavaria, near his birthplace, as a doctor at the Bad Brückenau spa. In 1784 he was appointed doctor at the court of Empress Catherine II of Russia. He was known as a scholar and was a prolific author. In an edition of his book published in 1799, ^[@ref8]^ Weikard devoted six pages to the description of attention deficit. He describes how sensory stimuli capture the patient's attention and divert him from his thoughts: "\... it is easier to perceive impressions through the sense organs than to form or retain ideas, to recover past memories or to do other reflective operations. Each sense can disturb us in our thoughts or thinking, distract us from our object and draw our attention to something else. Of all the senses, this occurs most often with hearing and sight. The result is distraction, lack of attention, inattention." The Latin term "volubilis" comes from the verb "volvere" (to turn). The literal meaning of Volubilis is "easily rotating," and by extension "fickle" or "changing." This image of a permanent rotation of ideas is sometimes used by some patients who relate the subjective feeling that their attention does not hold in place but twirls. 

Separating ASD from mental retardation 
---------------------------------------

The terms "idiocy" and "imbecility" are attested to by the Oxford English Dictionary as early as the 16th century. Also, behaviors consistent with autism were described long before that diagnostic category was named and defined by Leo Kanner ^[@ref9]^ in 1943 and Hans Asperger ^[@ref10]^ in 1944. Russian specialists ^[@ref11]^ suppose that many of the "holy fools," or Orthodox church ascetics (yuródivïe) who roamed ancient Russia displayed autistic behaviors, being notoriously nonverbal, impervious to social conventions, and indifferent to cold weather or pain. Famous cases showed that some "idiots" had specific problems in social communication---consistent with autism---rather than a mere global mental deficiency. One such case is Victor, the Wild Boy of Aveyron (c 1788-1828), a feral child who was discovered when he was about 12. Victor was taken to Paris, and his case was taken up by a young physician, Jean Itard, who tried to instruct him and repeatedly assessed his sensory, intellectual, and affective progress over 5 years. Edouard Seguin ^[@ref12]^ (1812-1880), a pioneer of the education of children with intellectual disability, first in France and afterward in the United States, recounted the various diagnostic hypotheses discussed at the time. According to Seguin, Pinel had declared Victor "idiotic" and therefore uneducable; Itard, on the other hand, asserted that the child was wild and entirely untaught. Itard's observations over the following years suggest that both diagnoses might have been erroneous and that Victor might have been a child with autism, abandoned by his parents. As Itard reports, Victor demonstrated aberrant requesting strategies like the use of hand-over-hand (eg, Victor once seized Itard's hand and directed it to a locked door to ask him to open it), he was using others as tools to satisfy his needs, a hallmark of the clinical picture was his difficulty initiating and maintaining social relationships, and even though he learned letters and some spelling, he could not use this knowledge in a regular interaction with others. 

Dr J. Langdon Down (1828-1896) is best known for having described Down's syndrome (trisomy 21). In a series of lectures delivered before the Medical Society of London in 1887, ^[@ref13]^ he also described 10 cases of "idiots savants," patients with exceptional abilities in an extremely narrow field, such as calendar calculating. While these cases were not all autistic, most of them would now satisfy Criterion B for ASD in DSM‑5 (ie, restricted and repetitive patterns of behavior, interest, or activities). In papers published after these lectures, ^[@ref14]^ Down based himself on three decades of clinical experience to propose a classification of mental retardation into (i) "congenital;" (ii) "accidental;" and (iii) a third kind which he termed "developmental." The latter type occurred in children who did not have the usual "physical aspects" of retardation. Some of these children had developed normally "until the period of second dentition," and then suddenly regressed, lost their "wonted brightness" and speech, lived "in a world of their own," spoke "in the third person," had "rhythmical and automatic movements" and "lessened responsiveness to all endearments of friends." Treffert ^[@ref15]^ comments on Down's interesting choice of the term "developmental retardation" for this category that probably corresponds to cases of both early-onset and late-onset regressive autism. 

We have so far described the history of the diagnostic categories, based on phenomenological definitions, that came to comprise the NDDs in *DSM-5* . We will now discuss how these psychopathological concepts can fare in the era of neurosciences. 

How far along are we to a new molecular  or genetic classification? 
====================================================================

With the increasing appreciation of the considerable phenotypic overlap between NDDs, there has been a general trend to move away from the classification of disorders as discrete entities, to placing them within a spectrum. This is illustrated by the single diagnostic label for ASD in *DSM-5* , which subsumes all previously designated subtypes. The classification is still mostly based on behavioral phenotypes and the Research Domain Criteria (RDoC) project by the National Institute of Mental Health has been calling for analysis at the genetic levels. ^[@ref16],[@ref17]^ With rapid advances in molecular biology, genetics, and genomics, neuropsychiatric disorders are increasingly grouped by their biology and in particular, the genes and variants that have been found to cause them. The clinical heterogeneity in NDDs is, however, reflected in extreme genetic heterogeneity, with a genetic diagnosis not possible for most cases. Unlike Mendelian disorders, such complex disorders are defined by a phenotype that is not caused by one or two pathogenic variants in a single gene, but rather by many genetic events with significant contribution from environmental factors. Disorders which have a simple genetic cause comprise a small fraction of the spectrum of NDDs, so the challenge is to develop even better approaches to link phenotype and genotype for NDDs. 

Genetic studies of complex diseases traditionally followed a pathway from phenotype to genotype to gene, a so-called "forward genetics" approach. Most disease genes have, however, been identified by an approach known as "reverse genetics," ie, the identification of a gene via its chromosomal location, without prior knowledge of its protein product or the molecular pathway in which it functions. The development of techniques to generate large amounts of genetic data by genome-wide genotyping has allowed genetic research to increasingly focus on the use of unbiased genome-wide approaches to gene identification. This led to the concept of "reverse phenotyping." ^[@ref18]^ In this approach, genetic markers are used to drive, or form the basis of new phenotypic definitions, so that phenotypes are refined based on genetic marker data. The goal is to define phenotypic groupings that are distinguished by higher rates of allele-sharing (linkage data) or more deviant allele frequencies (association data) than are seen in the traditional diagnostic categories. This "genotype-first" approach was elegantly elaborated by Stessman et al ^[@ref19]^ as a way of defining the subtypes of a complex disease. They defined a "genetic subtype" as a gene in which recurrent mutations show an excess of burden in patients versus controls. A "molecular subtype," on the other hand, constitutes a group of genetic subtypes that are linked together in a common pathway (eg coexpression, protein interaction network, etc). ^[@ref20]^  

The hypothesis of a genetic neurodevelopmental continuum 
=========================================================

Over the past decade, evidence has been accumulating that childhood neurodevelopmental disorders such as ID, ASD, and ADHD share specific genetic risk alleles with each other, as well as with psychiatric disorders, particularly schizophrenia. ^[@ref21]^ Copy number variants (CNVs) associated with ID were significantly enriched in patients with schizophrenia, supporting the view that many additional ID-related variants also confer risk to schizophrenia, but at reduced penetrance. ^[@ref22]^ This has led authors to propose the model of a neurodevelopmental continuum, in which neurodevelopmental disorders, including schizophrenia, are seen as representing the diverse range of outcomes that follow from disrupted or deviant brain development. ^[@ref23]^ Thus, childhood neurodevelopmental disorders (ID, ASD, ADHD) and adult psychiatric disorders (including both bipolar disorder \[BPD\] and schizophrenia) could better be conceptualized as lying on an etiological and neurodevelopmental continuum, rather than being defined as discrete entities. The model is based on emerging evidence for shared genetic and environmental risk factors and predicts that there are likely overlapping pathogenic mechanisms. The authors have taken this model one step further and have proposed the neurodevelopmental gradient hypothesis, in which disorders are graded according to the severity of neurodevelopmental impairment. Contributing features to this grading are age of onset relative to the typical age of onset for each of the disorders, the severity of associated cognitive impairment and the persistence of functional impairment. Although this model may appear to be a gross oversimplification of the diagnostic conundrum, it posits that the degree of neurodevelopmental impairment is currently the most recognizable of these features and makes clear predictions about the relative importance of the most damaging classes of rare genetic variants. In support of this hypothesis, Girirajan et al ^[@ref24]^ have shown that the burden of DNA CNVs is positively correlated with the severity of childhood neurodevelopmental disorders, being greater in ID than in ASD, and greater in ASD with ID than in those children without ID. Kirov et al ^[@ref25]^ have shown that the burden of large, rare CNVs implicated in neurodevelopmental disorders is greater in cases with developmental delay, autism, or congenital malformations, than in schizophrenia. The enrichment of rare mutations appears to be correlated with the degree of cognitive impairment both across and within diagnostic groups, but pathogenic CNVs and rare coding variants are found in ASD and schizophrenia, without gross cognitive impairment. Pathogenic CNVs are also found in individuals with subtle impairments of cognition but who do not have psychiatric diagnosis. 

Neurodevelopmental disorders are associated with reduced fecundity. ^[@ref26]^ One can postulate then, that genetic variants that confer a high risk for those disorders should be rare in the population due to negative selection. The frequency of such variants in the population should be a function of that selection pressure and the rate of replacement due to new, or de novo mutation. The increased rate of de novo variants in most neurodevelopmental disorders, supports this postulation. Individuals with severe, undiagnosed developmental disorders (DDs) are enriched for damaging de novo mutations (DNMs) in developmentally important genes (the Deciphering Developmental Disorders Study \[DDDS\], 2017). ^[@ref27]^ In a large whole-exome sequencing study of 4293 families with individuals with developmental disorders and meta-analysis of data with another 3287 individuals with similar disorders, the DDDS identified 94 genes enriched for damaging de novo mutations (DNMs). The authors estimated that 42% of the cohort carried pathogenic DNMs in coding sequences, and approximately half disrupt gene function, with the remainder resulting in altered function. They concluded that de novo mutations account for approximately half of the genetic architecture of severe developmental disorders and more than 40% in intellectual disability. A large study of autism found the de novo mutation rate to be 5.2% in patients compared with 1.6% in unaffected siblings. ^[@ref28]^ When the relative enrichment for de novo variants is compared across disorders, the rates are once again in decreasing frequency when placed against a gradient, from ID to ASD to schizophrenia, in line with predictions from the gradient hypothesis. 

One can also explore whether the same genes or sets of functionally related genes tend to be implicated across neurodevelopmental disorders, and this appears to be the case. The same set of genes affected by loss of function de novo mutations are enriched in data from patients with ID, ASD, and schizophrenia. ^[@ref29]^ Functionally, rare de novo and rare damaging coding variants tend to cluster broadly in similar biological processes, such as synaptic plasticity, chromatin modification, and targets of fragile X mental retardation protein, indicating that the same pathogenic mechanism may be affected across disorders. ^[@ref30],[@ref31]^  

How can these findings be used in diagnosis  and classification? ASD as a model for  the genotype-first approach 
=================================================================================================================

The ASD population is etiologically and phenotypically heterogeneous. The genetic etiology of ASD is no less varied. Heritability of autism is high, with estimates ranging from 50% to 90% ^[@ref32],[@ref33]^ and rates of recurrence among non-twin siblings approaching 20%. ^[@ref34]^ ASD not only has shared phenotypic overlap with many syndromic forms, such as Down syndrome, Prader-Willi/Angelman syndrome, and Fragile X-linked ID (about 4% to 5% of ASD), ^[@ref35]^ but as described above, is also one of the disorders for which rare variants have been demonstrated to have a strong effect. Over 100 genes and genomic regions have been associated with ASD, and over 800 genes have been suggested to play a role in ASD. 

Additive polygenic factors explain many ASD cases, especially those at the milder ends of the spectrum, and genome-wide association studies (GWAS) have provided support for the contribution of common DNA variants to the broader ASD phenotype. ^[@ref36]^ Sebat et al ^[@ref37]^ used a trio approach of an affected proband and their unaffected parents, to perform high-resolution DNA arrays to detect de novo CNVs in affected children. Their studies highlighted the power of identifying de novo events as likely causal variants across a broad range of genetic loci. De novo CNVs were up to ten times more prevalent in patients affected with ASD than in unaffected individuals. ^[@ref38]^ De novo pathogenic variants and CNVs are now estimated to account for approximately 30% of simplex cases of ASD. 

The identification of recurrently observed CNVs and disruptive gene variants in ASD led to the adoption of the genotype-first approach to characterize individuals at the etiological level. The genotype-first approach has led to the identification of ASD-specific genetic subtypes, variant-specific phenotypic spectra, and promising pharmacological treatment targets and psychosocial benefits to affected families. ^[@ref39]^ One of the first subtypes to be described was that for heterogeneous, disruptive variants in *CHD8* . *CDH8* is involved in chromatin remodeling and its targets include many other genes that have also been associated with ASD. ^[@ref40]^ The *CDH8* genetic subtype includes physical characteristics such as macrocephaly, dysmorphic facial features, and gastrointestinal complaints and is more specific to ASD (≥87%) than to ID (\~60%). 

In contrast to the fairly narrow phenotype defined in carriers of pathogenic *CDH8* variants, Steinman et al ^[@ref41]^ were able to delineate the differences between carriers of the 16p11.2 CNV. The 16p11.2 deletion neurologic phenotype was characterized by highly prevalent speech articulation abnormalities, limb and trunk hypotonia with hyporeflexia,  abnormalities of agility, sacral dimples, seizures/epilepsy, large head size/macrocephaly, and Chiari I/cerebellar tonsillar ectopia. Duplication carriers demonstrated more prominent hyperreflexia; less, though still prevalent, hyporeflexia; highly prevalent action tremor; small head size/microcephaly; and cerebral white matter/corpus callosum abnormalities and ventricular enlargement. The neurologic phenotypes of these reciprocal 16p11.2 CNVs included both shared and distinct features. The 16p11.2 phenotype eludes simple classification, spanning more than 20 different disorders in older *DSM* classifications. ^[@ref42]^ Although the majority of patients would not qualify as autistic by this definition, some aspects of the 16p11.2 deletion phenotype are remarkably consistent and reminiscent of a "type of autism" not yet recognized by the *DSM* . These conclusions highlight the power of the genotype-first-based approach. 

A similar dichotomy was observed in individuals with pathogenic *SCN2A* variants. Disruption of the gene *SCN2A* has been identified as one of the main causes of a wide variety of neurodevelopmental disorders, including benign familial neonatal-infantile seizures, infantile epileptic encephalopathy and ASD/ID.^[@ref43]-[@ref47]^ Gain of function variants resulting in increased Nav1.2 channel function have been associated with infant-onset seizures and encephalopathy, whereas loss-of-function variants conveying diminished channel function led to ASD and/or intellectual disability.^[@ref48]^ The consequences of disease-associated variants on protein function can have predictive value regarding the nature and severity of the resulting phenotype. *SCN2A* encodes a subunit of the neuronal voltage-gated sodium channel NaV1.2, which is involved in the initiation and the propagation of action potentials. Knowledge of the physiology of sodium channels and the known phenotype-genotype correlations relating to *SCN2A*, make it an important target for a precision medicine approach to therapy for ASD and other neurodevelopmental disorders.^[@ref49]^

Conclusion 
===========

The historic use of categorical diagnoses and classifications has failed NDDs in that the boundaries between disorders are not clear and comorbidity is common. The neurodevelopmental continuum underscores the need for new and flexible approaches to diagnosis and patient stratification, and the high degree of pleiotropy suggests that therapeutic approaches may be fruitful across diagnostic boundaries. 

The rate of disease gene identification has accelerated dramatically over the past decade and with whole-exome and genome sequencing becoming increasingly routine practice, the genotype-first approach will likely soon spread beyond autism and developmental delay to include genes and CNVs associated with other psychiatric disorders. This surge in technological development to generate large datasets has been accompanied by increasing sophistication in the statistical methods used for data analysis. While genetically informed targeted therapies are the ultimate goal of precision medicine, there are substantial clinical and psychosocial benefits to the genotype-first approach. For families, this will translate into better diagnosis and counseling, and the formation of patient-driven support groups. Family groups associated with specific genetic subtypes can be mobilized to support one another, share experiences, and work closely with clinicians and researchers to enrol participants for research projects, to provide valuable phenotypic data and to place them in the front line for potential clinical trials. 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